The five human RecQ helicases participate in multiple processes required to maintain genome integrity. Of these, the disease-linked RecQ4 is the least studied because it poses many technical challenges. We previously demonstrated that the yeast Hrq1 helicase displays similar functions to RecQ4 in vivo, and here, we report the biochemical and structural characterization of these enzymes. In vitro, Hrq1 and RecQ4 are DNA-stimulated ATPases and robust helicases. Further, these activities were sensitive to DNA sequence and structure, with the helicases preferentially unwinding D-loops. Consistent with their roles at telomeres, telomeric repeat sequence DNA also stimulated binding and unwinding by these enzymes. Finally, electron microscopy revealed that Hrq1 and RecQ4 share similar structural features. These results solidify Hrq1 as a true RecQ4 homolog and position it as the premier model to determine how RecQ4 mutations lead to genomic instability and disease.
INTRODUCTION
The human genome encodes five RecQ family helicases (RecQ1, BLM, WRN, RecQ4 and RecQ5), three of which are linked to genetic disorders when mutated: BLM, WRN and RecQ4 (1) . The BLM and WRN proteins have been extensively investigated and found to serve important roles in multiple nuclear processes. Understanding the functions of RecQ4 is also extremely important because mutations in RecQ4 are linked to three different human diseases (2) (3) (4) (5) (6) , and RecQ4 is the only human RecQ known to impact both nuclear and mitochondrial genome integrity (7) .
However, RecQ4 is much less well studied than the other RecQs. This is partially due to experimental difficulties with human RecQ4 in vivo. The metazoan RecQ4 helicases are evolutionary chimeras created by the apparent fusion of an essential DNA replication initiation factor in lower eukaryotes, Sld2 (8) , to the N-terminus of a RecQ helicase ( Figure  1A ) (9) . The vast majority of recq4 clinical alleles map to the helicase-like portion of RecQ4 (2) , presumably because mutations in the Sld2-like domain would be lethal. It is difficult to study the effects of these clinical mutations in the context of the full-length protein in vivo due to pleiotropic defects in DNA replication and the variable effects of different clinical alleles in various cell lines (10, 11) . RecQ4 also presents challenges to biochemical investigations because it is difficult to purify in large amounts (12, 13) , and its helicase activity is masked by a strong DNA annealing activity present in the Sld2-like N-terminus (12, 14) . The Saccharomyces cerevisiae Sld2 protein likewise displays DNA annealing activity in vitro (15) . These technical challenges have made it difficult to ascertain any mechanistic details of RecQ4 in disease prevention. Therefore, investigators have searched for a more experimentally amenable RecQ4 homolog in a simpler model system to study the fundamental mechanisms of RecQ4 sub-family helicases in the maintenance of genome stability.
The discovery of Hrq1, a putative RecQ4 homolog in fungi (16) , held the promise to circumvent many of the issues of working with human RecQ4 itself. First, it is not involved in DNA replication because fungal Sld2 exists as a separate protein rather than a fusion to the helicase ( Figure 1A ) (16) . Additionally, cells deleted for HRQ1 grow like wild-type under normal conditions (13) . Therefore, mutational analysis of Hrq1 can be used to study the disease-linked repair function(s) of RecQ4 sub-family helicases without compromising DNA replication. Second, recombinant Hrq1 can be purified in larger quantities than RecQ4 (13) , facilitating the in vitro characterization of its biochemical activities. However, due to low sequence conservation and the scarcity of information on these helicases in the literature, it is necessary to establish that Hrq1 is a functional homolog of RecQ4 (i.e. that it performs the same functions in genome maintenance as RecQ4) rather than (16, 18) . Note that the N-termini of these helicases are not conserved, at least in part due to the presence of a Sld2-like domain in the N-terminus of RecQ4. The highly conserved N-terminal 65 amino acids (aa) of RecQ4 and 67 aa of Sld2 are aligned below, along with the non-conserved N-terminus of Hrq1. Green highlighting denotes completely conserved residues in all three sequences, yellow denotes identical residues in two of the sequences, and blue indicates similarity between two sequences. The known secondary structure (cylinders = ␣-helices and lines = random coils) of the first 50 aa of RecQ4 (47) is shown in white, and the predicted secondary structure (broad arrow = ␤-sheet) of the first 43 aa of Hrq1 is in gray. Hs, Homo sapiens and Sc, Saccharomyces cerevisiae. Two residues implicated in origin DNA binding by Sld2 (67) are marked with red asterisks. (B) The two ICL repair pathways in S. cerevisiae (adapted from (68) ). ICL repair is initiated by NER, and then the lesion-containing DNA is preferentially processed by the Pso2-dependent pathway (left). The Pso2 nuclease (orange) degrades one strand of the crosslinked DNA, and the lesion is eventually healed by gap filling. In the absence of Pso2, an alternative FA-like pathway (right) can repair the ICL. This requires the FANCM homolog Mph1 (blue) and other factors (tan and purple circles) that recruit the ExoI nuclease (gray) and other downstream factors such as Rad52 and (likely) the FANCJ homolog Chl1. (C) The deletion of HRQ1 is epistatic to pso2Δ but not chl1Δ mph1Δ. Serial dilutions of saturated overnight cultures of the indicated strains were spotted onto plates containing rich medium (YPD, left) or rich medium supplemented with MMC (right). The Pso2 pathway experiment (top) used 50 g/ml MMC and the FA-like pathway experiment (bottom) used 100 g/ml MMC. just a homolog at the primary sequence level. This fact is typified by the second S. cerevisiae RecQ family helicase, Sgs1. Its protein sequence is most homologous to RecQ1 (16) , but Sgs1 is a functional homolog of BLM (reviewed in (17) ).
At the primary sequence level, S. cerevisiae Hrq1 and human RecQ4 contain a degenerate RecQ C-terminal (RQC) domain that is otherwise highly conserved in all studied RecQ family helicases (16, 18) . As opposed to all other RecQs, Hrq1 and RecQ4 sub-family helicases all also contain a characteristic RecQ4p/Hrq1p-conserved domain (RHCD). In vivo, our previous work further supports our hypothesis that Hrq1 is functionally homologous to RecQ4. Indeed, we demonstrated that Hrq1 plays an important catalytic role in DNA inter-strand crosslink (ICL) repair (13) , similar to that of RecQ4 in humans (11) . Further, it was recently shown that RecQ4 functions in telomere maintenance (19) , and we found that Hrq1 inhibits telomere addition to DNA double-strand breaks, limits telomere lengthening in cells lacking the telomerase inhibitor Pif1, and is needed for the Type I telomerase-independent telomere maintenance pathway in S. cerevisiae (13) . Unfortunately, the mechanistic role of Hrq1 in these pathways is unclear because relatively little biochemical work with Hrq1 has been performed (13, 20) .
Here, we extended our investigation of the role of Hrq1 in ICL repair and performed a thorough biochemical comparison of Hrq1 and RecQ4 to examine the extent of their functional similarities. We found that Hrq1 and RecQ4 are both DNA-stimulated ATPases that display high binding affinity for the same DNA structures, with a strong preference for D-loops and G-quadruplex (G4) DNA. The bio-chemical activities of Hrq1 and RecQ4 were also stimulated by telomeric repeat sequence DNA. This is consistent with the known and hypothesized roles of Hrq1 and RecQ4 in DNA recombination, repair, and telomere maintenance (13, 21, 22) . Finally, transmission electron microscopy (TEM) and single-particle 2D image averaging revealed that Hrq1 and RecQ4 also possess similar tertiary structures. Thus, we report the first direct biochemical and structural comparison of Hrq1 and RecQ4, establishing Hrq1 as a RecQ4 homolog and an excellent experimental model to interrogate the roles of human RecQ4 in maintaining genome integrity.
MATERIALS AND METHODS

Online methods
Nucleotides, oligonucleotides and other reagents.
32 P-ATP was purchased from PerkinElmer (Waltham, MA, USA), and unlabeled ATP was from GE Healthcare (Little Chalfont, UK) or DOT Scientific (Burton, MI, USA). The oligonucleotides used in this work were synthesized by IDT (Coralville, IA, USA) and are listed in Supplemental Table  S1 . All restriction enzymes were from New England Biolabs (Ipswich, MA, USA).
Protein sequence analysis
The default settings of the suite of tools available on Biology Workbench (http://workbench.sdsc.edu) were used to analyse the RecQ4, Hrq1, and Sld2 sequences. To generate the alignment in Figure 1A , the N-terminal domains of RecQ4 (aa 1-464) and Hrq1 (aa 1-279) were aligned with full-length Sld2 (453 aa) using CLUSTALW (23) and formatted and shaded using BOXSHADE (v.3.3.1). The secondary structure of Hrq1 was predicted using GOR4 tool (24) .
Mitomycin C (MMC) sensitivity assay
The strains listed in Figures 1 and 2 were tested for mitomycin C sensitivity essentially as described (13) . Briefly, the cells were grown overnight in 1% yeast extract, 2% peptone and 2% dextrose (YPD) medium at 30
• C with aeration, diluted to an optical density at 660 nm of 1 with sterile water, and then 10-fold serially diluted likewise to 10 −4 . Then, 5 l of each dilution was spotted onto plates either containing or lacking MMC (Sigma, St. Louis, MO, USA) at the indicated concentration. The plates were incubated in the dark at 30
• C for ∼2 days before being imaged with a flat-bed scanner. All strains were derived from the wild type YPH genetic background (MATa ura3-52 lys2-801 amber ade2-101 ochre trp1Δ63 his3Δ200 leu2Δ1) (25) by standard methods. Details of the strain constructions are available upon request.
Construction of baculovirus transfer vectors for expression of Hqr1 and RecQ4
A DNA cassette encoding a 10× His tag followed by a human rhinovirus 3C protease (HRV 3C Protease) site (LEVLFQGP) was inserted immediately 5 of the BamHI site in the pKL vector (29) using the SLIC method (26) , yielding the pKL-10xHis-3C vector. The DNA sequence encoding a 10x His tag followed by maltose-binding protein (MBP) and a HRV 3C site was codon optimized for expression in insect cells, synthesized, and sub-cloned into the EcoRV site of the pUC57 vector by GenScript (Piscataway, NJ), yielding the vector pUC57-10His-MBP-3C. The 10His-MBP-3C sequence was then PCR amplified using pUC57-10His-MBP-3C as the template, and the PCR product was cloned immediately 5 of the BamHI site of the pKL vector via the SLIC method (26) , yielding the pKL10His-MBP-3C vector.
The open reading frame (ORF) of the HRQ1 gene was PCR amplified from plasmid pMB309 (13) . The PCR product was digested with RsrII and HindIII, and the DNA fragment was sub-cloned into the same sites in the pKL10His-3C vector. DNA sequence encoding a BamHI site, the cDNA sequence for the human RecQ4 protein with a Cterminal Twin-Strep-tag (27) , and a HindIII site was codonoptimized, synthesized, and sub-cloned into the EcoRV site of the pUC57 vector by GenScript (Piscataway, NJ, USA), yielding the pUC57-BamHI-RECQ4-Twin-StrepHindIII vector. The BamHI-HindIII DNA fragment from this vector was then sub-cloned into the same sites in the pKL-10His-MBP-3C vector, yielding the pKL-10His-MBP-hRecQ4-Twin-Strep vector. Further details concerning the amplification and cloning of DNA sequences are available upon request.
Virus production and storage
The production of high-titer viruses in Sf9 cells has been described previously (28) . Liquid stocks of viruses were stored at 4
• C. Frozen viruses were generated as described (i.e. using the TIPS method) (29) and stored under liquid nitrogen.
Purification of recombinant S. cerevisiae Hrq1 and the catalytically inactive Hrq1-K318A mutant Frozen cells from 500 ml insect cell culture (∼10 g) were thawed on ice and lysed at 4
• C by stirring the cell pellet in 100 ml of Hrq1 lysis buffer (50 mM Na-HEPES [pH 7.6], 0.4 M NaCl, 20 mM imidazole and 10% glycerol) supplemented with fresh 5 mM ␤-mercaptoethanol, protease inhibitor mix (600 nM leupeptin, 2 M pepstatin A, 2 mM benzamidine and 1 mM phenylmethanesulfonyl fluoride (PMSF)) and 20 g/ml DNase I. The cell lysate was clarified by centrifugation at 4
• C for 30 min at 14 000 rpm, and the supernatant was transferred into a 50-ml conical tube containing 2.5 ml HIS-Select Nickel Affinity Gel (Sigma) preequilibrated with the lysis buffer. The tube was placed onto a nutator to mix gently for 30 min at 4
• C. The tube was then centrifuged at 2000 × g for 5 min at 4
• C, and the bulk of the supernatant was removed. The beads were transferred to a 30-ml gravity column and washed three times (∼30 ml each) with Hrq1 lysis buffer. 10xHis-Hrq1 was eluted using five column volumes (CVs) of Hrq1 lysis buffer containing 500 mM imidazole. The purest fractions, as judged by SDS-PAGE and Coomassie staining, were pooled and dialyzed against storage buffer (25 mM Na-HEPES [pH 8], 30% glycerol, 300 mM NaOAc [pH 7.6], 25 mM NaCl, 5 Cell lysates containing recombinant MBP-RecQ4-Strep protein or the MBP-RecQ4-K508A-Strep mutant were prepared from the frozen cell pellet from 1 l insect cell culture (∼20 g) in the same manner as described above for Hrq1 except that fresh 2 mM dithiothreitol (DTT) was used instead of ␤-mercaptoethanol, and no imidazole was added to the lysis buffer. Clarified lysate was mixed with 2.5 ml of amylose resin (NEB) in a 50-ml conical tube for 30 min at 4
• C on a nutator. After briefly centrifuging the tube to remove the bulk of the lysate, the beads were transferred to a 30-ml gravity column as described above.
After extensive washing with RecQ4 lysis buffer, RecQ4-Strep protein was eluted from the resin by cleavage with HRV 3C protease (Novagen) overnight at 4
• C. Eluate (2 CV) from the amylose resin containing RecQ4-Strep was subsequently loaded onto a Strep-Tactin Superflow column (IBA). The column was washed with 20 CVs strep wash buffer (50 mM Na-HEPES [pH 7.6], 5% glycerol, 600 mM NaOAc [pH 8.0], 5 mM MgOAc, and 0.05% Tween-20) and eluted with 6 CVs of strep wash buffer supplemented with 2.5 mM desthiobiotin. Peak elution fractions were pooled and dialyzed against storage buffer as described above.
Protein concentrations were quantified based on the intensities of protein bands on SDS-PAGE gels stained with Nucleic Acids Research, 2017, Vol. 45, No. 9 5221 SYPRO orange (Sigma) and using a dilution series of known concentrations of BSA to plot a standard curve. Gel imaging and analysis were performed using a Typhoon 9210 Variable Mode Imager (Amersham Biosciences).
Mass spectrometry (MS) analysis or recombinant proteins
MS analyses using an LTQ Orbitrap XL (Thermo Fisher) were performed on in-solution samples of recombinant Hrq1 (2 g) and RecQ4 (1 g) by the Laboratory for Biological Mass Spectrometry at Indiana University. Peptides were searched against S. cerevisiae and human databases for Hrq1 and RecQ4, respectively, using Protein Prospector version 5.16.0 (University of California San Francisco; http://prospector.ucsf.edu/prospector/mshome. htm). Peptides were also searched against the Drosophila melanogaster database to identify contaminating peptides from insect cell culture.
NADH-coupled ATPase assay
ATPase reactions were performed in ATPase buffer (25 mM Na-HEPES [pH 8.0], 5% glycerol, 50 mM NaOAc [pH 7.5], 150 M NaCl and 0.01% NP-40 substitute) including the following reagents: 5 mM ATP (pH 7.0) (DOT Scientific), 5 mM MgCl 2 , 0.5 mM phosphor(enol)pyruvic acid (Sigma), 0.4 mM NADH (MP Biomedicals, LLC), 5 U/ml rabbit pyruvate kinase (Roche), and 8 U/ml lactate dehydrogenase from oyster (Sigma). Unless otherwise stated, the helicase concentration was 10 nM in all reactions, and DNA was used at 1 M. To minimize possible confounding effects caused by secondary structures that the oligonucleotides may form, the substrates were diluted to their working concentrations, boiled, and snap-cooled prior to addition to the ATPase assays. Absorbance at 340 nm was read at 37
• C in 96-well plates using a BioTek Synergy H1 microplate reader. Absorbance readings were converted to ATP turnover based on NADH concentration. It was assumed that 1 M NADH oxidized is proportional to 1 M ATP hydrolysed.
DNA substrates
Substrates were made by 5 -end labeling the oligonucleotides indicated in Supplemental Table S1 with T4 polynucleotide kinase (T4 PNK; NEB) and ␥ [ 32 P]-ATP. Labeled oligonucleotides were separated from free label using illustra ProbeQuant G-50 micro columns (GE Healthcare) following the manufacturer's instructions. Oligonucleotides were annealed by incubating complementary or partially complementary oligonucleotides overnight at 37
• C in Annealing Buffer (20 mM Tris-HCl [pH 8], 4% glycerol, 0.1 mM EDTA, 40 g/ml BSA, 10 mM DTT and 10 mM MgOAc) (30) . The G4 DNA substrate was folded by incubating oligonucleotide MB819 (Supplemental Table S1 ) in 1 M NaCl at 60
• C for 48 h. The folded product was 5 -end labeled as above and gel-purified on an 8% 19:1 acrylamide:bis-acrylamide gel run in 1× TBE buffer (90 mM Tris-HCl [pH 8.0], 90 mM boric acid, and 2 mM EDTA [pH 8.0]) at 10 V/cm. The gel slice containing the folded G4 substrate was placed into a microcentrifuge tube containing TBE buffer, and the DNA was allowed to diffuse into the buffer overnight at room temperature. The G4 DNA was then ethanol-precipitated and resuspended in 1× TE buffer (90 mM Tris-HCl [pH 8.0] and 2 mM EDTA [pH 8.0]).
DNA binding
DNA binding was measured using electrophoretic mobility shift assays (EMSAs). The helicases were incubated at the indicated concentrations with 0.1 nM radiolabeled DNA for 30 min at 30
• C in binding buffer (25 mM Na-HEPES [pH 8.0], 5% glycerol, 50 mM NaOAc [pH 7.6], 150 M NaCl, 7.5 mM MgOAc and 0.01% Tween-20). Protein-DNA complexes were separated from unbound DNA on 8% 19:1 acrylamide:bis-acrylamide gels in TBE buffer at 10 V/cm. Gels were dried under vacuum and imaged using a Typhoon 9210 Variable Mode Imager. DNA binding was quantified using ImageQuant 5.2 software.
Helicase assay
DNA unwinding was assessed by incubating the indicated concentrations of helicase with 5 mM ATP, 0.1 nM radiolabeled DNA and 1× binding buffer. RecQ4 helicase assays were performed in the presence of 15 nM cold ssDNA trap to observe unwinding, which is otherwise masked by annealing (31) . ATP was required to observe unwinding, suggesting that strand exchange was not the activity being measured (data not shown) (32) . The presence or absence of cold trap did not affect Hrq1 unwinding efficiency and was therefore not used in Hrq1 helicase assays (data not shown) (13) . Reactions were incubated at 37
• C for 30 min and stopped with the addition of 1× Stop-Load dye (5% glycerol, 20 mM EDTA, 0.05% SDS and 0.25% bromophenol blue) supplemented with 400 g/ml SDS-Proteinase K followed by a 1-min incubation at 37
• C. Unwound DNA was separated on 8% 19:1 acrylamide:bis-acrylamide gels in TBE buffer at 10 V/cm and imaged as for the DNA binding assay. Unwinding time courses were performed under the same conditions as above but with a single helicase concentration of 100 nM. Reactions were incubated at 37
• C for times ranging from 0 to 30 min and stopped with the addition of 1× Stop-Load dye and SDS-Proteinase K as above.
Transmission electron microscopy (TEM)
To prepare negatively stained grids, 4 l of protein solution (∼20 ng/l) was applied to glow-discharged 300-mesh carbon-coated copper grids (Electron Microscopy Sciences). Excess solution was removed by blotting with filter paper, and subsequently, the grid was stained with 0.75% uranyl formate (Electron Microscopy Sciences) and allowed to air dry. To minimize potential beam-induced damage to the protein samples, the grids were imaged under low-dose conditions (≤20e − /Å 2 ) using a JEOL 300-kV 3200FS transmission electron microscope with the energy filter operated at an energy slit of 20 eV. The digital images were collected using a Gatan 4k × 4k CCD camera at a nominal magnification of 80 000×, yielding a 1.5 A/pixel resolution in the final images. For Hrq1, a total of 139 digital micrographs were collected, and 7623 particles were selected in 128 (pixels) × 128 (pixels) boxes using the e2boxer.py program (33) . For RecQ4, a total of 5025 particles were boxed. Defocus estimation and CTF (contrast transfer function) correction were performed with EMAN2 software. The phase contrast-corrected particle sets were imported into Relion for reference-free 2D classification (34) .
To generate the human RecQ1 projection images for comparison, only one chain of the crystal structure of RecQ1 (PDB 2V1X, A chain) was used. Briefly, the crystal structure was low-pass filtered to 30Å and a pixel size of 1.5Å in a 128 × 128 × 128 (pixels) volume using e2pdb2mrc.py (33) . The projection images were than generated using e2project3d.py with C1 symmetry. As the RecQ1 structure contains 591 residues, it was used as a size standard to compare Hrq1 (1077 residues) and RecQ4 (1208 residues).
Statistical analyses
All data were analysed and plotted using GraphPad Prism 6 (GraphPad Software, Inc). The plotted values are averages, and the error bars were calculated as the standard deviation from three or more independent experiments. P-values were determined by analysis of variance (ANOVA). We defined statistical significance as P < 0.01.
RESULTS
Hrq1 functions in the Pso2 ICL repair pathway
In metazoans, DNA ICLs are preferentially repaired by the Fanconi anaemia (FA) pathway, which includes many proteins that, when mutated, cause the disease FA (reviewed in (35) ). However, mutations in non-FA proteins such as RecQ4 (11) also sensitize cells to ICL-inducing agents. This suggests that an alternate mechanism exists for ICL repair apart from the FA pathway. S. cerevisiae lacks homologs of many FA proteins (36) , so this situation is reversed: a pathway defined by the nuclease Pso2 is preferentially used to repair ICLs rather than the minimalist FA-like pathway (Figure 1B) . We previously demonstrated that like pso2Δ cells, yeast lacking HRQ1 are also sensitive to the ICL-inducing drug mitomycin C (MMC) and that hrq1Δ is epistatic to pso2Δ (see (13) and Figure 1C ). However, it is unclear where Hrq1 functions in this repair pathway.
Others have suggested that Hrq1 participates in nucleotide excision repair (NER), which is the initial step in both of the yeast ICL repair pathways ( Figure 1B) (37) . If that is the case, then hrq1Δ should also be epistatic to deletion of the genes encoding the FA-like proteins Mph1 and Chl1 (35) . To test this hypothesis, we deleted CHL1, HRQ1 and MPH1 individually and in combination and assayed for MMC sensitivity. For comparison, we also repeated the hrq1Δ and pso2Δ epistasis analysis. As reported (13), hrq1Δ and pso2Δ cells are both sensitive to chronic exposure to 50 g/ml MMC, but there was no additive effect in the hrq1Δ pso2Δ double mutant ( Figure 1C, top) . In contrast, chl1Δ and mph1Δ cells displayed relatively little sensitivity to MMC compared to hrq1Δ, even at concentrations of 100 g/ml ( Figure 1C, bottom) . There was no additive sensitivity in the chl1Δ mph1Δ double mutant, in agreement with the model in which they function in the same ICL repair pathway ( Figure 1B and (36) ). However, the chl1Δ hrq1Δ mph1Δ triple mutant grew well in rich medium but was exquisitely sensitive to MMC.
These results indicate that hrq1Δ is not epistatic to perturbations in the FA-like pathway and suggest that Hrq1 functions downstream of NER in the Pso2 ICL repair pathway. This mirrors the ICL sensitivity of recq4 mutant cell lines (11) 
Purification of full-length Hrq1 and RecQ4
One difficulty in performing biochemical experiments with RecQ4 sub-family helicases is obtaining sufficient amounts of recombinant protein. Both Hrq1 and RecQ4 are large (123 and 133 kDa, respectively), and their N-terminal domains are predicted to be natively disordered (Supplemental Figure S1A and B), making over-expression troublesome. To overcome this, we optimized expression and purification schemes for both helicases (see the Online Methods for details). Briefly, over-expressing N-terminally 10× His-tagged Hrq1 in insect cell culture ultimately yielded 20-40 mg protein with a final concentration of 35-40 M per liter of Hi5 cells. When expressed in S. cerevisiae, this tagged construct rescued the sensitivity of hrq1Δ cells to MMC (Figure 2B) , and recombinant 10× His-Hrq1 displayed indistinguishable biochemical activities compared to C-terminally 6xHis-tagged Hrq1 overexpressed in Escherichia coli (data not shown; (13)).
RecQ4 expression and purification was more demanding. The RECQ4 cDNA was codon optimized for expression in insect cells, and purification was facilitated by Nterminal MBP (ultimately removed) and C-terminal TwinStrep-tags (27) . A typical purification from 1 l of Hi5 cell culture yielded 50-100 g protein with a final concentration of ∼1.2 M.
Fluorescent staining of our protein preparations revealed that they are highly (>99%) pure (Figure 2A ). To verify their identity and purity, samples of Hrq1 and RecQ4 were analysed by mass spectrometry (MS). The results demonstrated good coverage of both Hrq1 (61% coverage by 86 unique peptides) and RecQ4 (54% coverage by 78 unique peptides) with high confidence peptides ( Figure 2C and Supplemental Table S2 ). Furthermore, both protein preparations were highly pure and absent of enzymes that could confound the results of the enzymatic assays presented below (Supplemental Table S2 ). Overall, these data indicated that our novel Hrq1 and RecQ4 over-expression and purification schemes yielded copious amounts of recombinant protein suitable for rigorous biochemistry. 
Hrq1 and RecQ4 ATPase activity is stimulated by ssDNA
We first assayed for the ATPase activity of our recombinant enzymes. As previously reported (12, 20, 38) , the wildtype proteins each displayed weak ATPase activity that was stimulated by the addition of random-sequence or poly(dT) ssDNA 50mer oligonucleotides ( Figure 2D ). Because there was no significant difference in the stimulation of ATPase activity by the poly(dT) versus random-sequence ssDNA (P > 0.01), subsequent experiments were performed with poly(dT) oligonucleotides (unless stated otherwise) to avoid unwanted DNA secondary structure formation. We also verified that the ATPase activity of each enzyme was not due to a spurious contaminant from our overexpression and purification procedure because Walker A box lysineto-alanine substitution mutants (Hrq1-K318A and RecQ4-K508A) purified identically to the wild-type proteins did not display ATP hydrolysis above background levels (Supplemental Figure S2 ). ATPase stimulation was apparent with substrates as short as 5 nt and increased with increasing ssDNA length up to a maximum of ∼50-fold over reactions lacking ssDNA ( Figure 2E ). For both helicases, maximum stimulation was achieved with 30-40 nt ssDNA. Previously, it was reported that maximal RecQ4 ATPase stimulation requires ∼60 nt of poly(dT), whereas the reported DNA binding site size is 20-40 nt (12) . It is unclear why the ssDNA stimulation of RecQ4 ATPase activity plateaued at ∼30 nt here, but additionally increasing the substrate length to up to 100 nt had no further effect on stimulation (data not shown).
DNA sequence affects Hrq1 activity in vitro (13), so we also quantitated the effect of ssDNA sequence on Hrq1 and RecQ4 ATPase activity using equimolar concentrations of poly(dA), (dC), (dG), (dT), or random sequence 50mer oligonucleotides ( Figure 2F and G). For both helicases, polypyrimidine ssDNA preferentially stimulated ATPase activity compared to polypurine ssDNA. However, for Hrq1, the poly(dT) and random sequence substrates both maximally stimulated ATPase activity ( Figure 2F ), whereas for RecQ4, addition of the poly(dC) substrate yielded maximum ATP hydrolysis ( Figure 2G ).
Hrq1 and RecQ4 bind a similar suite of DNA substrates in vitro
Using electrophoretic mobility shifts assays (EMSAs), we previously demonstrated that recombinant Hrq1 binds ss-DNA substrates with high affinity (13) . Here, the Hrq1 and RecQ4 overexpressed and purified using our optimized scheme also displayed high affinity for 40mer poly(dT) ss- Figure 3B and C) but bound poorly to blunt-ended ds-DNA ( Figure 3A and B) . Performing competition assays with radiolabeled 40mer poly(dT) ssDNA and a 100-fold molar excess of unlabeled poly(dT) substrates of various lengths, we found that only substrates ≥ 25 nt could compete for binding ( Figure 3D ), suggesting that these helicases have large binding site sizes. This also corresponds to the maximal stimulation of ATPase activity exerted by ssDNA ≥ 30 nt in length ( Figure 2E ) and the previously reported footprint of RecQ4 (12) .
Next, we assayed for binding to a variety of DNA substrates with different structures. Both helicases bound to ds-DNA substrates containing either a 5 or 3 ssDNA tail, a substrate containing both tails (fork), a substrate containing a ssDNA bubble, a model D-loop, a Holliday junction (HJ), and a G4 structure ( Figure 3A and B, Supplemental Figures S3 and S4) . The dissociation constant (K d ) for each substrate is listed in Table 1 , and a comparison of binding at 100 nM helicase is presented in Figure 3B . Overall, Hrq1 and RecQ4 bound to the same structures, though their relative affinities varied by up to eight-fold.
Hrq1 and RecQ4 display similar helicase substrate specificity
We next investigated the unwinding of our DNA substrates (Supplemental Figures S5 and S6 ). As shown in Figure  4A , at 100 nM protein, both helicases displayed appreciable (>17%) unwinding activity on all substrates except for the 5 -tail, blunt dsDNA, and HJ structures. This was neither surprising for the blunt dsDNA due to the poor binding of this substrate by the helicases ( Figure 3B ) nor for the 5 tail substrate given the 3 -5 directionality of both Hrq1 and RecQ4 (13) . Similarly, RecQ4 was previously shown not to unwind HJs (12, 39) . Some differences between Hrq1 and RecQ4 were also noted. For instance, Hrq1 was highly active on the bubble substrate, but RecQ4 was less able to unwind this structure. This may be due to the strong annealing activity of RecQ4 (32) and the two separate regions of complementary DNA comprising the bubble.
Helicase activity was next measured at a variety of enzyme concentrations to determine the apparent Michaelis constant (K M ) for each substrate that was appreciably unwound in Figure 4A and, thus, the relative specificities of the helicases for these substrates. The data are plotted for Hrq1 and RecQ4 in Figure 4B and C, respectively, and the K M values (i.e. the concentration of enzyme needed to unwind 50% of the substrate) are listed in Table 1 . Hrq1 preferentially unwound the D-loop substrate (K M = 1.6 ± 0.1 nM), with the most to least preferred substrates being D-loop > G4 > bubble > fork ≈ 3 tail. RecQ4 was also most active on the D-loop (K M = 5.7 ± 0.8 nM) but displayed a somewhat different substrate preference (D-loop > fork > G4 > 3 tail > bubble) compared to Hrq1. Again, we hypothesize that this discrepancy is due to the strong annealing activity of RecQ4.
DNA helicase substrate preference can also be revealed by the kinetics of unwinding, with more rapid kinetics indicating a more preferred substrate. Therefore, we measured DNA unwinding as a function of time for Hrq1 and RecQ4. We focused on the D-loop and fork substrates because both helicases displayed the lowest K M for the D-loop (Table 1) , and the extent of unwinding for the fork was high by both enzymes (Figure 4A-C) . Hrq1 and RecQ4 unwound the fork with similar kinetics, with the time necessary to unwind 50% of the substrate (t 1/2 ) equal to 2.9 ± 0.3 and 5.6 ± 0.4 min, respectively (Supplemental Figure S7A) . Consistent with their preference for the D-loop substrate based on K M values, both helicases displayed faster unwinding of the D-loop compared to the fork (t 1/2 = 1.0 ± 0.1 min for both; Supplemental Figure S7B ), suggesting that it is it truly a preferred substrate. Although the duplex portions of the fork and D-Loop are the same length (20 bp) with nearly identical predicted melting temperatures (T m = 53.4
• C and 53.3
• C, respectively) and similar G+C content (50% versus 45%), we did find that DNA sequence affects Hrq1 and RecQ4 activity ( Figure 2F and G) . Thus, the more rapid un- winding kinetics of the D-loop could be due to the sequence of the dsDNA portion of this substrate relative to the fork.
Stimulation by telomeric repeat sequence
Aside from ICL repair, Hrq1 (13) and RecQ4 (19) also function in telomere maintenance. Thus, we sought to determine if yeast telomeric repeat (TG 1-3 /C 1-3 A) and human telomeric repeat (TTAGGG/CCCTAA) sequences would also stimulate Hrq1 and RecQ4 biochemical activities. Inclusion of ∼50-nt ssDNA comprised of either the G-strand or C-strand telomeric repeat sequences in the ATPase assay revealed that Hrq1 ATP hydrolysis was significantly less stimulated by poly(TG 1-3 ) (P = 0.0005128) and poly(C 1-3 A) (P = 0.007746) than poly(dT) DNA ( Figure 5A ). In contrast, RecQ4 ATPase activity was significantly more stimulated by poly(TTAGGG) (P < 0.0001) and poly(CCCTAA) (P < 0.0001) ssDNA than poly(dT) ssDNA ( Figure 5B ).
Using fork substrates with both ssDNA tails comprised of G-strand telomeric repeats, we next performed EMSAs to assess the effects of the telomeric sequence on binding affinity. As shown in Figure 5C and Table 1 , the yeast telomeric sequence greatly increased Hrq1 binding affinity compared to a fork containing 25-nt random sequence tails (yeast telomeric fork K d = 3.5 ± 0.4 nM versus an apparent K d > 150 nM for the 25-nt random sequence fork) and nearly two-fold compared to a fork containing 25-nt poly(dT) tails ( Figure 5C and Table 1) . Similarly, RecQ4's binding affinity for the human telomeric sequence fork increased 2.7-and 1.3-fold compared to the 25-nt random sequence and poly(dT) forks, respectively ( Figure 5D and Table 1).
Increases in binding affinity do not always equate to increases in helicase activity. A substrate can be bound with such high affinity that it decreases or eliminates helicase activity (data not shown), ostensibly because translocation along the ssDNA toward the dsDNA to be unwound is inhibited. Therefore, we also assessed Hrq1 and RecQ4 helicase activity on the tightly bound telomeric fork substrates. The yeast telomeric fork was more readily unwound by Hrq1, decreasing the K M 57-and 6.3-fold compared to the 25-nt random sequence and poly(dT) forks, respectively ( Figure 5E and Table 1 ). In contrast, RecQ4's K M for the human telomeric fork was increased 2.4-and 1.6-fold relative to the 25-nt random sequence and poly(dT) forks, respectively ( Figure 5F and Table 1 ), suggesting that human telomeric repeat sequence is not a preferred RecQ4 helicase substrate.
Hrq1 and RecQ4 display similar tertiary conformations
Hrq1 and RecQ4 are predicted to have similar domain architectures ( Figure 1A ). Combined with their in vivo functions and in vitro biochemical activities, we hypothesized that they also fold into similar tertiary structures. To investigate this, we performed TEM analysis followed by singleparticle 2D structural class averaging. In both cases, the negatively stained protein preparations appeared to be uniform and homogeneous on grids, again verifying their purity ( Figure 6A and B) . However, class averaging indicated that the particles encompassed a narrow range of sizes, with the minority of smaller particles likely either representing low-profile views of the protein structures or degradation products. By modeling human RecQ1 (Supplemental Figure S8) , which contains ∼50% the residues of Hrq1 and RecQ4 and is thus predicted to have a smaller 3D structure, we were able to eliminate class averages that were too small to be full-length Hrq1 or RecQ4. The remaining 2D class averages of Hrq1 and RecQ4 show that they have remarkably similar structures. The three lobes of electron density in Figure 6A suggest that Hrq1 is comprised of three globular domains arranged in a horseshoe shape around an empty central cavity. The larger RecQ4 appears to consist of four globular domains forming another U-shape (or possibly a ring) with an opening in the center ( Figure 6B ). Furthermore, the majority of observed particles for both helicases are monomeric, suggesting this is the predominant oligomeric state for each protein and consistent with the monomeric state of Drosophila RecQ4 predicted by sedimentation velocity (40) .
DISCUSSION
Hrq1 is a functional homolog of RecQ4
There is a need for a model system to determine the mechanism(s) by which human RecQ4 helps to maintain genome integrity and why RECQ4 mutations result in three different diseases. Barea et al. suggest that the S. cerevisiae Hrq1 may serve as this model, but due to poor sequence conservation and a lack of experimental insight into both RecQ4 and Hrq1, it is important to determine if Hrq1 is truly a functional homolog of RecQ4. Our previous work (13) and that presented in Figure 1 indicate that in vivo, Hrq1 displays similar functions to RecQ4. Here, by performing a detailed side-by-side biochemical comparison of the two helicase and observing their structures by TEM, we found that Hrq1 and RecQ4 also share conserved biochemical activities and structural features. Thus, S. cerevisiae Hrq1 is a true functional homolog of the human RecQ4 helicase.
In 2014, we showed that Hrq1 functions in vivo in Pso2 ICL repair pathway (13), but it was unclear at which step in the repair process ( Figure 1B ) Hrq1 activity is needed. It has been postulated that Hrq1 functions early in ICL repair during NER (37) . This hypothesis is based on the sensitivity of hrq1Δ cells to cisplatin and 4-nitroquinoline-1-oxide (4NQO) and hrq1Δ epistasis with deletions of genes that encode products involved in NER (RAD4 and RAD10), though the effects are rather weak. To address this, we tested the effects of HRQ1 deletion on both ICL repair pathways in yeast and found that hrq1Δ is epistatic to pso2Δ (Pso2 pathway) but not to chl1Δ and mph1Δ (FA-like pathway). This places Hrq1 downstream of NER in ICL repair and To establish a foundation upon which more mechanistic details of repair processes could be elucidated, we characterized the biochemical activities of Hrq1 and RecQ4 on various types of DNA substrates, including ones mimicking repair intermediates. After developing optimized protein over-expression and purification protocols, we found that Hrq1 and RecQ4 are DNA-stimulated ATPases and that both DNA length and sequence similarly affect ATP hydrolysis by these enzymes (Figure 2) . Further, Hrq1 and RecQ4 bound a diverse and comparable set of DNA structures (Figure 3) , including non-B form DNA such as the TP G4 structure from the mouse immunoglobulin locus (41) . This is characteristic of RecQ family helicases, many of which bind a variety of DNA structures in vitro (reviewed in (22) ). Binding appears to be structure specific rather than an effect of Hrq1 and RecQ4 binding to the simple ssDNA or B-form dsDNA portion(s) of more complicated structures. For instance, neither helicase appreciably bound blunt dsDNA, but both bound to the HJ substrate ( Figure 3B ), which is largely composed of four blunt dsDNA arms (Figure 3A) .
All substrates containing dsDNA that were bound by Hrq1 and RecQ4 were also unwound by the helicases, with the exception of the 5 tail and HJ substrates. HJ processing is a hallmark of RecQ family helicases (22, (42) (43) (44) , but in S. cerevisiae and humans, the Sgs1 and BLM RecQ helicases perform this function, respectively. Thus, while RecQ4 sub-family helicases may not be HJ resolvases, their high affinity for HJ structures (previously noted for RecQ4 (45)) suggests that they may still have a role in HJ processing in vivo. Perhaps in the presence of additional protein cofactors they are capable of unwinding branched dsDNA molecules, or they may serve a non-catalytic role by binding to HJs and recruiting other recombination factors. This catalytic vs. structural dichotomy has been previously demonstrated for Hrq1's roles in DNA ICL repair and telomere maintenance, respectively (13) .
Despite these advances in our knowledge of Hrq1 and RecQ4 biochemistry, it is still unclear what function(s) they serve in ICL repair. Our findings that Hrq1 and RecQ4 bind HJs and D-loops (Figures 3 and 4) and that D-loops appear to be preferred helicase substrates (Supplemental Figure S7) indicate that Hrq1 and RecQ4 may function at the level of DNA recombination during ICL repair. This would be consistent with the known roles of nearly all RecQ helicases in recombination (1) . Alternatively, they may unwind a bubble of DNA surrounding an ICL to stimulate the nuclease activity of enzymes such as Pso2 or simply provide them with better access to the lesion to be excised. This would be consistent with the binding affinity and unwinding activity of Hrq1 and RecQ4 on bubble-like substrates (Figures 3 and  4 ). Helicases and nucleases can stimulate the activity of their counterpart by creating a preferred substrate. For instance, Escherichia coli DNA end resection functions in this manner, with the RecQ helicase creating 5 ssDNA tails for RecJ exonuclease activity, which in turn creates 3 overhangs, a preferred substrate of RecQ (46).
Hrq1 and RecQ4 adopt similar structures
Aside from the NMR structure of a portion of the RecQ4 N-terminus (47) , no high resolution structural data exist for either RecQ4 or Hrq1. Here, we report the first 2D EM class averages of the full-length human RecQ4 ( Figure 6B ) and the parallel comparison with Hrq1 ( Figure 6A ). There are a number of details that can be inferred from this analysis. Importantly, both proteins appear to fold into similar overall structures, with three-to-four globular domains surrounding an empty cavity. This horseshoe shape is distinct from that of our RecQ1 model, which also displays three-to-four lobes of electron density but in a more elongated 'wide V' shape (Supplemental Figure S8) . Thus, the observed Hrq1/RecQ4 horseshoe structure is not universally adopted by RecQ helicases, suggesting that it is unique to RecQ4-subfamily helicases and again supports the notion that Hrq1 and RecQ4 are homologous enzymes. Notably, RecQ4 appears to have an extra domain relative to Hrq1, which could correspond to the Sld2-like portion of the RecQ4 N-terminus ( Figure 1A) .
Most of the Hrq1 and RecQ4 particles appeared to be monomeric in size. This agrees with the predicted oligomeric state of RecQ4 in solution (40), but we previously reported that recombinant Hrq1 predominantly forms heptameric rings (13) . Although some larger ringlike particles were observed on Hrq1 grids, they were in the extreme minority relative to the monomeric particles. The addition of ATP, ATP␥ S, and/or ssDNA did not shift the monomers to higher order oligomers (data not shown). This discrepancy may be explained by the different Hrq1 expression systems used. The largely heptameric Hrq1 was produced by over-expression in E. coli (13) , but the recombinant Hrq1 analysed here was over-expressed in insect cells. If the Hrq1 ring-like structure is an artifact of overexpression, a prokaryotic expression system may be more prone to producing these structures compared to a eukaryotic system, which would be predicted to more easily fold eukaryotic proteins into native conformations. Future work using TEM and cryo-EM will address these and other issues concerning the Hrq1 and RecQ4 structures.
Hrq1 is preferentially stimulated by telomeric repeat sequence DNA All five human RecQ family helicases are implicated in telomere maintenance (19, (48) (49) (50) (51) (52) (53) (54) , though the links to RecQ5 are tenuous (reviewed in (55) ). The two S. cerevisiae RecQs, Sgs1 and Hrq1, are no different. Sgs1 promotes telomere replication (56) and functions in recombinationmediated telomere maintenance in cells lacking telomerase (57, 58) Similarly, Hrq1 inhibits telomerase activity and promotes type I survivor formation in cells lacking telomerase (13) . Such in vivo results are also supported by biochemical evidence. For instance, in the case of the human WRN helicase, it preferentially unwinds strand invasion intermediate structures, and this activity is enhanced by the presence of telomeric repeat sequence on the invading strand (53) . Likewise, we found that yeast telomeric repeat sequence DNA stimulated the DNA binding and DNA unwinding activities of Hrq1 ( Figure 5) . Due to the G-rich nature of the yeast telomeric repeat sequence (TG 1-3 ), these results were surprising given the poor stimulation of Hrq1 ATPase activity by poly(dG) ssDNA ( Figure 2F ). However, poly(TG 1-3 ) oligonucleotides can fold into G4 structures (59) , and Hrq1 displayed robust DNA binding ( Figure 3E ) and unwinding ( Figure 4B ) activity on G4 DNA. Because many RecQ helicases unwind G4 DNA in vitro (reviewed in (60) and (41)) and are associated with multiple nuclear processes impacted by DNA sequence motifs capable of forming such structures in vivo (51, (61) (62) (63) (64) , the connections between Hrq1 and G4 motifs in S. cerevisiae should be further explored. It should also be noted that we observed weak unwinding of the G4 substrate by RecQ4. Previous reports have failed to demonstrate the resolution of G4 structures by RecQ4 (32, 39) , but these assays used more DNA and included KCl. Both higher DNA concentration and the presence of K + ions favour the formation of G4 DNA (60), which could have stabilized the substrate against unwinding by RecQ4 or led to the spontaneous refolding of the G4 structure in vitro after RecQ4 unwinding. Either scenario would mask G4 DNA unwinding in gel-based assays.
Curiously, we did not observe significant stimulation of RecQ4's helicase activity by human telomeric forked DNA above that of random-sequence or poly(dT) forks ( Figure  5 ). This discrepancy between the two helicases may simply be the result of not uncovering the proper telomeric substrate for RecQ4 and/or the lack of additional protein partners. It has been shown that RecQ4 helicase activity is stimulated by D-loops containing telomeric sequence, as well as by components of the telomeric shelterin complex (19, 65) . Further, RecQ4 can act cooperatively with the WRN helicase to unwind telomeric DNA substrates containing an 8-oxoguanine lesion (19) , and RecQ4 interacts with BLM (66) . Because RecQ4 displays a preference for DNA structures found in recombination, we plan to survey the ability of recombination intermediates, other humans RecQs, and telomeric proteins for their ability to stimulate RecQ4 activity in the future.
Differences in Hrq1 and RecQ4 biochemistry are likely due to the RecQ4 Sld2-like domain
Despite the many biochemical similarities between Hrq1 and RecQ4 that we observed, distinct differences in activity were also found. These differences are most likely due to the Sld2-like domain present in the RecQ4 N-terminus, which enables RecQ4 to anneal complementary ssDNA sequences into dsDNA. This is the opposite of helicase activity and occurs in an ATP-independent fashion, resulting in an equilibrium between DNA unwinding and re-annealing in our in vitro helicase assays. This phenomenon complicates interpretation of the biochemical results of RecQ4 unwinding for any multi-duplex region substrate, such as bubbles or Dloops, because intra-molecular annealing always competes with the unwinding of intermediates. Indeed, a molar excess of unlabeled ssDNA trap must be used in RecQ4 helicase reactions to maintain the unwound radiolabeled product in a single-stranded form for detection in our gel-based assays.
In contrast to RecQ4, Hrq1 is devoid of annealing activity (Supplemental Figure S9A) . This is not surprising because Hrq1 lacks a Sld2-like domain ( Figure 1A ), which is required for RecQ4 annealing activity (32, 45) . Indeed, one can separate the annealing and unwinding activity of RecQ4 by truncating the protein at the beginning of its helicase domain (32) . Soluble N-terminal fragments (e.g. aa 1-388) display strong annealing activity but lack helicase activity. Conversely, the C-terminal helicase portion of the enzyme (aa 464-1208) is nearly devoid of annealing activity but still able to unwind DNA. Thus, RecQ4 464-1208 functions more like Hrq1 in vitro.
Hypothetically then, fusing S. cerevisiae Sld2 (which also displays DNA annealing activity (15) ) to the N-terminus of Hrq1 should render the chimera more RecQ4-like than Hrq1 alone. We attempted this in yeast cells, but the fusion construct did not support viability in the absence of the essential wild type SLD2 gene (data not shown). This chimera was a blunt fusion of the SLD2 sequence directly onto the 5 end of the HRQ1 gene, which may be translated into a protein that is not folded or processed correctly, conformationally constrains Sld2 and disrupts its biochemical functions, or introduces steric hindrance that disrupts critical interactions of Sld2 with the yeast replication initiation machinery. Similarly, we sought to generate a recombinant Sld2-Hrq1 fusion protein for in vitro experiments, but expression levels were poor, even in our optimized baculovirus expression scheme (Supplemental Figure S9B) . The Sld2-Hrq1 chimera is larger (∼180 kDa) than RecQ4, making it more difficult to over-express at high levels. Despite scaling up our expression cultures, we were not able to obtain sufficiently pure protein for biochemical experiments. Thus, technical challenges remain to address this hypothesis.
In conclusion, we report optimized over-expression and purification methods for the full-length Hrq1 and RecQ4 helicases and establish Hrq1 as a functional homolog of RecQ4 for biochemical investigations. We also report the first extensive biochemical analysis of Hrq1 and show that it binds and unwinds a diverse array of DNA substrates. Although there are some discrepancies in the enzymatic activities of Hrq1 and RecQ4, we hypothesize that many of the differences are due to RecQ4's strong annealing activity. Regardless, because Hrq1 can be over-expressed to levels many times that of RecQ4, we feel that it is the preferred biochemical system for investigation of the functions of RecQ4 sub-family helicases. Because Hrq1 is not involved in DNA replication, the yeast system is also a favourable model for mutational analysis in vivo. Thus, Hrq1 will be an important tool for future investigations of the roles of RecQ4 dysfunctions in human disease.
